A soluble yellow CO dehydrogenase from CO-autotrophically grown cells of Pseudomonas carboxydohydrogena was purified 35-fold in seven steps to better than 95% homQgeneity with a yield of 30%. The final specific activity was 180 ,umol of acceptor reduced per min per mg of protein as determined by an assay based on the CO-dependent reduction of thionin. Methyl viologen, nicotinamide adenine dinucleotide (phosphate), fiavin mononucleotide, and flavin adenine dinucleotide were not reduced by the enzyme, but methylene blue, thionin, and toluylene blue were reduced. The molecular weight of native enzyme was determined to be 4 x 105. Polyacrylaxnide gel electrophoresis in the presence of sodium dodecyl sulfate revealed at least three nonidentical subunits of molecular weights 14,000 (a), 28,000 (,8), and 85,000 (y). The ratio of densities of each subunit after electrophoresis was about 1:2:6 (a/fl/y), suggesting an a,83fy3 structure for the enzyme. The purified enzyme was free of formate dehydrogenase and nicotinamide adenine dinucleotide-specific hydrogenase activities, but contained particulate hydrogenase-like activity with thionin as electron acceptor. Known metalchelating agents tested had no effect on CO dehydrogenase activity. No divalent cations tested stimulated enzyme activity. The native enzyme does not contain Ni since cells assimilated little 'Ni during growth, and the specific 'Ni content of the enzyme declined during purification. The isoelectric point of the native enzyme was found to be 4.5 to 4.7. The Km for CO was found to be 63 ,uM. The spectrum of the enzyme and its protein-free extract revealed that it contains bound flavin. The cofactor was flavin adenine dinucleotide based on enzyme digestion and thin-layer chromatography. One mole of native enzyme contains at least 3 mol of noncovalently bound flavin adenine dinucleotide. 
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Pseudomonas (Seliberia) carboxydohydrogena DSM1083, like a variety of other bacteria (3, 20, 24, 38 University, Bloomington, 1978) , is able to grow aerobically at the expense of carbon monoxide (CO) as a sole source of energy and carbon. Other bacteria (e.g., some Clostridium spp.; 5, 6, 9, 11, 33) are able to oxidize CO, but apparently gain no benefit from the process.
Other workers have examined some gram-negative bacteria and have partially characterized the CO-oxidizing system (3, 21-23, 26, 38 mM ft-NAD was used as the electron acceptor, and 0.5 mM sodium formate was used as the substrate. N2 was used to flush the standard buffer containing both the acceptor and the substrate.
Protein determination. Protein was measured by modified biuret reagent (Sigma Chemical Co.), using a standard curve prepared previously with bovine serum albumin as a standard (12) . The protein contents of crude extracts were determined by the same method after boiling the samples in 20% NaOH for 10 min (20) .
Electrophoresis. Analysis of native enzyme was carried at 0 to 2°C by nondenaturing polyacrylamide gel electrophoresis (PAGE) by the method of Laemmli (18) , but without sodium dodecyl sulfate (SDS). Denaturation analysis of native enzyme was done by the SDS-PAGE technique of Laemmli (18) at the temperature of circulating tap water. Gels containing 7.5 and 11.5% acrylamide were used for nondenaturing and denaturing PAGE, respectively. All electrophoresis was performed in a vertical slab gel apparatus (BioRad Laboratories) and was conducted with pulsed power by using a constant power supply (Ortec, EC & Co.; model 4100) at 320 V. The pulse rate was adjusted throughout the electrophoresis by the method of Beremand and' Blumenthal (1). Gels were stained with 0.25% Coomassie brilliant blue R-250 in 9% acetic acid-45% methanol with the modification of Weber and Osborn (34) . Activity staining was carried out by the method of Dietz and Lubrano (7), with some modification. The nondenaturing gel strip was equilibrated with cold standard buffer for 10 min, transferred to a Hungate tube containing 9 ml of standard buffer, and flushed with CO for at least 6 min. A 1.0-ml portion of phenazine methosulfate-nitro blue tetrazolium stock solution (phenazine methosulfate, 0.5 mg/ml; nitro blue tetrazolium, 2.5 mg/ml) was injected with a syringe into the tube, which was wrapped with aluminum foil. The reaction mixture was flushed with CO for 2 min and was left for 1 to 2 min at room temperature. The gel was then washed several times with water and kept in a 7.5% acetic acid solution. H2 gas was used as the substrate for hydrogenase, and 0.01 M sodium formate and 0.5 mM ,8-NAD were added to test for formate dehydrogenase activity in an otherwise identical system. Enzyme purification. All purification steps were carried out at 4°C, except when noted. A 60-g (wet weight) portion of thawed cells was resuspended in 240 ml of cold standard buffer, homogenized with a tissue homogenizer, and disrupted by sonic treatment (10 s/ml) in portions of 30 ml at 0°C. The suspension was centrifuged at 10,000 x g for 30 min. The supernatant fl1id was referred to as crude extract. The crude extract was then treated with protamine sulfate to a final concentration of 0.054%, left in ice for 10 min, then sedimented at 100,000 x g for 90 min. The resulting supernatant fluid (soluble fraction) was next made 40% saturated with respect to ammonium sulfate. After 5 h, this fraction was centrifuged at 15,000 x g for 30 min. The resulting supematant was further treated with ammonium sulfate to achieve a final concentration of 55% of saturation. After 5 h the solution was centifuged again at 15,000 x g for 30 min, and the sediment was resuspended in a small volume of cold standard buffer. The deep yellow suspension was then dialyzed against three 2-liter changes of standard buffer for 20 h. The dialysate was then applied to a Sepharose 6B column (2.6 by 90 cm). Elution was performed with the same buffer at a flow rate of 7.1 ml/cm2 per h with 200 cm of hydrostatic pressure. Fractions with the highest specific activity were pooled and applied to a DEAE-Sephadex A-50 column (2.6 by 31.5 cm) which had a 1-cm layer of Sephadex G-25 (coarse) at the top. The column was pre-equilibrated with at least 2 total bed volumes of standard buffer before sample application. Elution was first carried out with 200 ml of 0.15 M NaCl in standard buffer followed by a shallow linear NaCl gradient (400 ml, 0.15 to 0.3 M). Fractions were collected at a flow rate of 1 ml/cm2 per h, and the yellow-colored fractions with the highest specific activity were pooled and applied to a hydroxylapatite column (1.5 by 6 cm) preequilibrated with the standard buffer. The column was eluted with a linear ammonium sulfate gradient (100 ml, 0 to 0.5 M) at a rate of 2.0 ml/cm2 per h. A yellow active fraction that contained all of the CO-DH activity was eluted at about 0.15 M ammonium sulfate and was dialyzed against three 500-ml changes of cold standard buffer, each for 2 h.
Salt concentration in each fraction after DEAESephadex A-50 and hydroxylapatite chromatography was determined by measuring the conductivity of each fraction with a conductivity bridge by using the conductivity of known NaCl and ammonium sulfate solutions, respectively, as standards.
The purified CO-DH was stored at -70°C.
Subunits of CO-DH. The numbers of subunits in CO-DH were determined by nondenaturing-denaturing two-dimensional PAGE.
The purified enzyme was first subjected to nondenaturing PAGE (7.5% acrylamide). After electrophoresis was completed, a 0.5-by 1.0-cm block which contained the yellow CO-DH band was cut from the slab, placed in test tube, and equilibrated with two changes of 5 ml of Laemmli sample buffer with SDS (18) at 55°C for 2 h. The gel piece was then placed onto the top of a denaturing gel (11.5% acrylamide) and was electrophoresed for subunit analysis. To estimate the numbers of each subunit in CO-DH, the density of each subunit after staining with Coomassie brilliant blue was measured with a densitometer.
Preparation of antiserum against CO-DH. A New Zealand white rabbit was immunized with 200 jg of the purified CO-DH homogenized 1:1 in Freund adjuvant (Difco Laboratories). Injections (0.2 ml) were made intradermally at multiple points along the flanks, and the remainder was injected intramuscularly into the rear quadrants. The rabbit was injected with an additional 100 Ag of protein at 2 weeks. After 4 weeks the rabbit was bled; 35 ml was removed from the ear. Blood was stored overnight at 40C, and erythrocytes were removed after clotting by centrifugation at 2,000 x g for 10 min at 40C before freezing. The final recovery was 15 to 20 ml of serum per bleeding.
Test for nickel in CO-DH. It had been reported that the CO-DH from Clostridium thermoaceticum contains Ni (9) . To see whether the CO-DH from P.
carboxydohydrogena also contains Ni P. carboxydohydrogena was cultivated under standard culture conditions with 100uCi of 'NiCl2 (ICN Chemical & Radioisotope Division; specific activity, 11.1 mCi/mg of Ni) per liter, and CO-DH from dialyzed (NH4)2S04 precipitates was precipitated with rabbit antiserum. Precipitation was allowed to occur for 5 min at room temperature, and the mixture was centrifuged at 5,000
x g for 20 min at4C.
The precipitate was collected on glass fiber filter paper (Whatman Ltd.; GF/A, 2.4 cm), dried for 5 Purified enzyme from the hydroxylapatite column was judged better than 95% homogeneous (Fig. 1A) Molecular weight and structure. The molecular weight of the purified enzyme was determined to be 4 x 106 by using Sepharose 6B column (2.6 by 88 cm) chromatography by the method of Whitaker (36) with reference proteins of known molecular weight. Two-dimensional nondenaturing-denaturing PAGE revealed the presence of three nonidentical subunits (Fig. 1B) in the native enzyme; the molecular weights of the subunits were found to be 14,000 (a), 28,000 (,B), and 85,000 (y) by using SDS-gel electrophoresis with several molecular weight references. The ratio of integrated densities of each Coomassie brilliant blue-stained subunit after electrophoresis was about 1:2:6 (a:B:-y), suggesting an unusual a3t33y3 structure for CO-DH based on the assumption that all subunits were stained to the same extent with Coomassie brilliant blue.
Isoelectric point (pI). The pI of the purified enzyme was determined by isoelectric focusing in thin slabs of polyacrylamide gel according to LKB application note 250 using LKB 2117 Multiphor (LKB Instruments, Inc.), with a slight modification: acrylamide concentration, 4.2%; final concentration of ampholine (LKB), 2.4% (pH range of 3.0 to 9.5); and the addition of 50 pl of N,N,N',N'-tetramethyl-ethylenediamine to the gel mixture.
The pI of the enzyme was found to be 4.5 to 4.7. This result is in good agreement with the observation that CO-DH activity was not detected in supernatants of DEAE A-50-or QAE A-50-treated soluble fraction in 0.1 M Tris-hydrochloride buffer (pH 8).
Enzyme kinetics. The rate of reduction of thionin by the purified enzyme with CO as substrate was completely proportional to the amount of enzyme added.
The standard assay method was used to measure the dependence of the rate of thionin reduction on CO concentration to determine the Km and Vmai of the purified CO-DH, except that volumetric gas mixtures containing various concentrations of CO in argon (Matheson; prepurified, 99.998% minimum) were used to flush the standard buffer before the addition of enzyme. Amounts of CO in the mixture were adjusted by using a Rotameter (Matheson; model 7401 T). Thionin reduction followed Michaelis-Menten kinetics. Assuming that 1 mol of thionin can be reduced by two electrons which come from the oxidation of 1 (30) .
Effect of divalent cations and chelating agents. The known metal chelating agents tested (1 mM NaCN, NaN3, EDTA, and o-phenanthroline) did not show any significant effect on CO-DH activity under standard assay conditions. EDTA was the most effective agent, reducing CO-DH activity by 7%, suggesting that no easily removed divalent metal is necessary for enzyme activity.
Some divalent cations were tested for their effects on the CO-DH activity under standard assay conditions. None of the metals tested (Mn2+, C02+, Mg2+, Cu2+, Ca2+, Ba2+, Ni2+, Zn2+) at 1 mM concentration stimulated the enzyme activity. Cu2+ eliminated the enzyme activity completely, suggesting that a necessary sulfhydryl group was inactivated by this ion. However, incubation in the presence of 1 mM N-ethylmaleimide or iodoacetamide did not significantly reduce enzyme activity (data not shown).
Ni is not present in P. carboxydohydrogena CO-DH. When the dialyzed fraction was treated with antiserum there remained less than 0.001% ofthe enzyme activity in the supernatant, indicating that all the CO-DH activity was precipitated. The precipitated CO-DH from 'Nigrown cells did not contain a significant amount of Ni (4.67 x 10-4 mol of Ni per mol of CO-DH), suggesting that Ni is not present in the CO-DH of P. carboxydohydrogena. The amount of CO-DH was calculated from the specific activity of the dialyzed fraction and of the purified enzyme.
This result agrees with the observation that the CO-DH activity was not affected by metal chelating agents and was not activated by nickel ion. During almost threefold purification of 'Ni-CO-DH, the specific activity of 'Ni decreased from 4,750 cpm/mg of protein (soluble fraction) to 2,260 cpm/mg of protein (dialyzed fraction), and the total radioactivity decreased almost 74% although only 23% of the total enzyme activity was lost.
FAD is present. The yellow color of purified CO-DH suggested that it might contain a certain cofactor(s). The visible light spectrum of the native enzyme first showed that it might contain bound flavin, and that of the trichloroacetic acid-treated, protein-free extract of this enzyme revealed that the cofactor was likely a flavin derivative (Fig. 2) . The extracted flavin was found to be FAD after enzymatic digestion and thin-layer chromatography in various solvents (Table 2) , and it appeared that at least 3 FAD is bound to 1 mol of native enzyme. As mentioned above, a clear yellow band was seen on the gel after nondenaturing PAGE, but this disappeared with some loss of activity staining function when the gel was stored in standard buffer for 40 h at 40C. Exogenously added FAD was found to accelerate activity staining of this gel. Furthermore, there was no yellow band on the gel after electrophoresis with 0.1% SDS. All of the above results indicate that FAD is noncovalently bound to the apoprotein. However, enzyme activity was not increased when the purified enzyme was pretreated with exogenously added FAD (6.36 nM) for 20 min at room temperature, indicating that this cofactor is tightly bound to the protein. tensively studied with regard to the mechanism of CO oxidation at the level of the purified enzyme system. The CO-DH from P. carboxydohydrogena was purified and characterized in this study to provide more information about aerobic utilitarian oxidation of CO, a process which may have a significant role in the oxidation of CO in the environment (27) . The enzyme was purified by means of conventional methods to better than 95% homogeneity, and the purified enzyme comprised about 3% of the soluble cell protein. The specific activity of this enzyme was almost 100-fold greater than that of P. carboxydovorans (1.94 ,umol of CO oxidized per min per mg of protein) (22) under the assumption that the reduction of 1 mol of thionin corresponded to the oxidation of 1 mol of CO. The purified enzyme has greater stability than the enzyme of P. carboxydovorans which is quite sensitive to storage at -20°C under air. The clostridial CO-DH is very unstable under air (9) . The P. carboxydohydrogena enzyme had non-NAD-linked hydrogenase activity, but no formate dehydrogenase activity. This result is similar to observations made with the P. The purified enzyme can use several dyes which have redox potentials between +10 mV and +110 mV as electron acceptors. This was also true in preliminary experiments with the crude soluble fraction. This range of artificial electron acceptors is similar to that of the P. carboxydovorans enzyme, except that methylene blue was the best acceptor for the P. carboxydovorans enzyme (21, 22) . This result suggests that a quinone may serve as a physiological electron acceptor during CO oxidation. Several other findings which tend to confirm a quinone in the role of physiological electron acceptor in P. carboxydohydrogena are reported in the accompanying paper (16) . There is another report about the range of electron acceptors in several carboxydobacteria which supports the notion that quinone is a physiological electron acceptor in aerobic carboxydobacteria when CO is used as an energy source (3). According to those data, thionin is a poor electron acceptor for CO oxidation in P. carboxydohydrogena. This disagreement indicates the need for further study. In the case of the clostridial enzyme, electron acceptors of positive potential were not reduced and only dyes of negative potential acted as electron acceptors. Ferredoxin is thought to be a physiological acceptor for C. thermoaceticum (9) .
The molecular weight of the purified enzyme was around 4 x 105, which is almost the same as that of the enzyme from C. thermoaceticum (4.1 x 105) (9) . The subunit structure of the native P. carboxydohydrogena enzyme seems to be an unusual a3fi3y3 (a:14k, ,:28k, y:85k), which suggests a complicated mechanism in CO oxidation. When compared with the structure of the enzyme from P. carboxydovorans (2.3 x 105, two identical subunits of 1.07 x 105) (22) , there are significant differences. A previous report estimates the molecular weight of CO-DH in P. carboxydohydrogena to be 2.3 x 105 (3) , in disagreement with that (4 x 105) found in the present study. The difference between the two values may arise from the different methods used for molecular size determinations.
Cross-linking experiments with reversible or nonreversible reagents showed that all three kinds of subunit are involved in the cross-linking reaction, but we could not successfully reverse the cross-linking process (data not shown). These experiments, along with transmission electron microscopy and immunological studies, will be continued to better establish the structure of this enzyme.
The Km for CO of the purified CO-DH from (31) . The yellow color of the purified enzyme was found to reflect the presence of noncovalently but tightly bound FAD which is necessary for CO oxidation. One mole of native enzyme appears to have 3 mol of FAD, suggesting that one of the three types of subunits binds the FAD. The spectrum of the P. carboxydovorans enzyme showed two peaks at 470 and 405 nm, and it has been suggested on this basis alone that the CO-oxidizing enzyme of this bacterium might be an iron-sulfur protein (22) . In the case of the clostridial enzyme, it has been suggested that the CO-DH might be a corrinoid enzyme (9) .
It has been reported that the CO-DH of C. thermoaceticum is a metallo-nickel enzyme (9) and that active hydrogenase formation in some hydrogen bacteria requires a supply of Ni (10) . The CO-DH of P. carboxydohydrogena does not have a significant amount of Ni; therefore, Ni is apparently not a necessary factor for CO oxidation in all biological systems. There is also no necessary relationship between hydrogen bacteria and carboxydobacteria with respect to the involvement of this unusual trace metal. This result is also supported by observations that several chelators of divalent metals did not inactivate the enzyme and that exogenously added NiCl2 and other divalent metal salts did not stimulate, but sometimes inactivated, the purified enzyme.
Kirkconnell and Hegeman (17), working with other bacteria, tried to find the source of the second oxygen atom in CO2 derived from CO by using double-labeling experiments employing 13CO and either H2180 or 1802 and found, para- doxically, that neither water nor 02 was the immediate source. As mentioned above, we used a completely anaerobic reaction system to measure the CO-DH activity, implying that it was impossible for molecular oxygen to be involved stoichiometrically in the reaction. This indicates that only water can be the source of the second oxygen atom in CO oxidation by P. carboxydohydrogena as in the case of P. carboxydovorans (21, 22) and the clostridia (9) . From The striking structural differences between the CO-DHs of P. carboxydohydrogena and P. carboxydovorans suggest that independent evolution has taken place.
